INTRODUCTION
Monoclonal antibodies produced by cellular hybrid technology as described by K6hler & Milstein (1975) have been shown to be very accurate new biochemical tools for the characterization and analysis of variants and the antigenic structure of viruses such as influenza viruses (Gerhard & Kendal, 1982) or tobamoviruses (Dietzgen & Sander, 1981 , 1982 A1 Moudallal et al., 1982; Briand et al., 1982) . Also, they have great potential for virus diagnosis, because homogeneous antibody preparations with defined activity and specificity can be produced over long periods. In many cases of field diagnosis, however, monoclonal antibodies will be of special value only if they react with antigenic sites shared by all members of a particular virus group. A pool of monoclonal antibodies will otherwise be necessary. Hybridoma cell lines secreting antibodies recognizing common antigenic determinants of the tobamoviruses have so far not been isolated . In preliminary studies of monoclonal antibodies to potato virus Y (PVY) (Gugerli & Fries, 1981; Gugerli, 1982) , monoclonal antibodies were obtained which reacted with several serologically related but distinct strains of PVY, Here we report the production and characterization of monoclonal antibodies to PVY and their use for virus detection and strain designation.
METHODS
Virus isolates. Isolate 605, obtained from commercial seed potato in Switzerland in 1976 (Gugerli, 1978) , was used to immunize rabbits and mice. Symptomatology, electron microscopy and serology showed that this isolate belongs to the tobacco veinal necrosis strain group, PVY N (J. A. De Bokx, personal communication) . The origins of the other PVY isolates are listed in Table 1 .
Virus propagation and purification. Mechanically inoculated Nicotiana tabacum cv. Xanthi-nc plants were kept for 15 days in a controlled environment of 21 °C and 60~ relative humidity, with a light intensity of about 15000 lux for 17 h each day. Virus was purified from fresh infected leaf tissue essentially as reported previously (Gugerli, 1978) .
Preparation of plant extracts. Leaves of N. tabacum were extracted with an equal amount (w/v) of Mcllvaine's 0.18 M-citric acid/sodium phosphate buffer pH 7, containing 0-01 M-sodium diethyldithiocarbamate using a roller 0022-1317/83/0000-5692 $02.00 © 1983 SGM press (Poll/ihne, Wennigsen, F.R.G.). To ensure comparability, several samples of each extract were kept at -20 °C before use. For ELISA these samples were thawed and diluted 20-fold in 0.01 M-sodium/potassium phosphate pH 7-4, 0.14 M-NaCI, 0.02~ sodium azide (PBS) containing 2% polyvinylpyrrolidone (Fluka, K 25) and 0.05% Tween 20 (PBS-PVP-Tween).
Immunization of mice, cell fusion and cell culture. BALB/c mice were immunized by intravenous injection twice with 30 lag of purified virus (isolate PVY N 605) with 4 weeks between injections. Four days after the boosting injection, 5 x 107 spleen cells were fused with 5 x 107 cells of a non-secreting FO myeloma cell line. The resulting fusion product was diluted into 240 wells of Costar trays for culture under selective conditions, as described by Fazekas de St. Groth & Scheidegger (1980) . Specific antibody was assayed in the supernatant fluid of hybrid cultures after 2 to 3 weeks. Specific antibody-secreting hybridomas were further propagated and cells from cultures yielding high antibody titres were cloned under conditions of limiting dilution. For cloning, we generally established 240 cultures each of 0-2 ml in Falcon II microtitre plates, each culture containing an average of 0.5 hybridoma cells and 104 syngeneic macrophages. The cloning efficiency ranged from 10 to 50~. At most, 24 positive wells were tested for specificity. Selected cultures were grown in RPMI 1640 medium (KC Biological Inc., Lenexa, U.S.A.).
Antibody purification. The ),-globulin (IgG) fraction from rabbit antiserum was purified essentially as described by Clark & Adams (1977) . Monoclonat antibodies were purified from hybrid cell cultures by centrifugation to clarify the culture fluid, by precipitation with an equal volume of saturated ammonium sulphate solution at 4 °C and by chromatography on Whatman DE52. At most, 2.5 mg of total protein was applied per ml of the DE52 gel. The highest yield of IgG was about 10 mg per litre hybrid cell culture fluid.
Enzyme conjugation. Conjugation of IgG with alkaline phosphatase (Sigma, type VII) was done essentially as described by Clark & Adams (1977) . Conjugates were further purified by gel filtration on Sephacryl $300 (Pharmacia).
Antibody detection. Indirect ELISA in standard 96-well polystyrene plates (Inotech Diagnostik A.G., Basel) was used to detect antibodies from hybrid cell fluids. Sensitization of the plates was done either by direct coating with purified virus (1 lag/ml for 4 h at 30 °C) or by serological binding of antigens from crude plant extracts on plates previously coated with rabbit anti-PVY IgG. Hybrid cell culture fluids were applied to the wells after dilution with an equal volume of PBS. Incubation was for 5 h at 30 °C. Fixed antibodies were detected with alkaline phosphatase-labelled affinity-purified goat antibody to mouse IgG (7) (Kirkegaard & Pery Laboratories, Cat. No. 05-18-02) diluted 1000-fold in PBS-PVP-Tween containing 0-2~ bovine serum albumin. A Titertek Multiscan (Flow Laboratories) was used for the photometric readings of the absorbance at 405 nm.
Detection of antigens.
The direct double antibody sandwich form of EL1SA (Clark & Adams, 1977 ) was used to detect antigens.
RESULTS

Production and characterization of monoclonal antibodies
Half the spleen of two immunized mice (5 x 107 spleen cells) was used for two parallel fusion experiments. Growth of hybrid cells was observed in 447 of a total of 480 wells. The antibodysecreting activity of these cultures was analysed by indirect ELISA using plates coated with purified homologous virus. Of 447 growing cell cultures, 99 produced antibodies and many of these yielded high antibody titres. We selected the 25 hybrid cell cultures producing most antibody and determined their antibody specificity using an antigen panel of nine isolates belonging to the tobacco veinal necrosis (homologous; PVY N ) common (PVY °) or stipple streak (PVY c) strain groups of PVY. Of the 25 cultures tested, six produced antibodies strictly specific to PVY r~ isolates, seven secreted antibodies reacting with all isolates, and the remaining 12 cultures gave antibodies of intermediate specificity. Twelve hybrid cell cultures were cloned by limiting dilution (0.5 cell/well) and after 2 to 3 weeks the antibody concentration in each well t Rabbit anti-PVY (PVY N 605) antibodies; conjugate dilution 1/1000; reaction read after 60 min of hydrolysis. :~ Monoclonal antibody C-9; conjugate dilution 1/4000; reaction read after 10 min of hydrolysis. § Mean absorbance value from three replicates (corrected in respect of standard 1 cm photometer cuvettes and healthy references).
was determined by indirect ELISA using plates coated with homologous purified virus. Two cell cultures failed to yield antibody-producing clones. The specificity and activity of the antibodies produced by clones derived from the remaining hybrid cell cultures, designated with letters A to J in Fig. 1 , were then assessed by indirect ELISA using an antigen panel composed of extracts of plants infected with two tobacco veinal necrosis (N1, N2), three common (O1, 02, O3), or two stipple streak (C1, C2) isolates of PVY. N 1 was the homologous isolate that had been used for the immunization of the mice. The results are expressed in Fig. 1 as the percentages of the maximum reaction (A4os) observed with each virus isolate. These maximum values ranged between 1.31 and 2.08 in this experiment. Seven hybrid cell cultures gave rise to clones that produced antibody of essentially the same specificity as that produced by the parental culture, whereas some clones from cultures E, H and I produced antibody different from the parental culture. Antibodies from all clones reacted with the N isolates. Antibodies produced by clones from culture C in particular showed a consistently high activity with all isolates of PVY. Clones from culture D and most of the clones from culture E secreted antibodies strictly specific to N isolates whereas cell lines derived from hybrid cell cultures B, F, G, H and J produced antibodies of various intermediate specificities. 
Identification of virus isolates with monoclonal antibodies
Routine serological identification of viruses is possible with a mixture of antibodies having a broad spectrum of specificities, or with antibodies specific to one particular antigenic determinant shared by serologically related virus strains. Antibodies A, C and I seemed to have specificity for common epitopes of PVY strains. We therefore used monoclonal antibody C-9 in direct ELISA to examine 28 isolates of PVY collected during the last 20 years on several continents (Table 1) . Four isolates did not react with monoclonal antibody C-9 or with polyclonal antibodies from rabbit serum ( Table 1) . Three of these isolates, 624 (PVY cGladblaadje), 731 (pvyc-AB) and 736 (PVY-UF, CIP atypical isolate), are serologically not related to common PVY and represent a rare distinct PVY serotype (De Bokx et al., 1975; Calvert et al., 1980; Fribourg & Nakashima, 1982) . The relationship between isolate 708 (PVY-SB-12, CIP atypical isolate) from South America and PVY is not yet fully established. The positive reactions observed with the remaining 24 isolates representing commonly occurring PVY strains confirmed the results obtained above by indirect ELISA with a selected group of PVY isolates. Furthermore, the results indicate that they all share a relevant antigenic determinant, which allows in this particular case the use of monoclonal antibodies for diagnostic purposes.
Monoclonal antibodies seem certain to increase the sensitivity of ELISA because they are highly specific and lack antibodies to host plant components. Sensitivity is also increased because enzyme conjugates made with monoclonal antibodies can be used at higher dilutions (up to 10-fold) than traditional conjugates (Table 2) . Under such conditions, non-specific reactions induced by lectins, such as those observed with extracts from healthy potato tissue, e.g. young leaves, sprouts or tubers (Gugerli, 1982) , as well as those induced by random adsorption phenomena (as measured by buffer control reactions) were significantly decreased by the lower enzyme input (Table 2) . Thus, even 19 h after substrate addition, it was still possible to read plates unambiguously. DISCUSSION N, O and C strains of PVY are characterized by the symptoms that they induce in various host plants (De Bokx & Huttinga, 1981) . Most members of these groups are serologically related (Bawden & Kassanis, 1951 ; Bartels, 1957; De Bokx et al., t975) , some exceptions being the isolates pvyc-Gladblaadje, pVyC-AB and the PVY-UF CIP atypical strain, which represent a rare distinct serotype (De Bokx et al., 1975; Calvert et al., 1980; Fribourg & Nakashima, 1982) . No consistent serological differences have so far been reported to exist between N, O and C strain groups. Partial discrimination between some isolates of these groups has been made, especially by using direct ELISA of crude plant extracts (Maat & De Bokx, 1978 ; Leiser & Richter, 1979; Torrance, 1981) . We obtained similar results with crude extracts from potato tissue, but were led to question their validity when similar tests with extracts from tobacco leaf tissue infected with the same viruses gave conflicting results (P. Gugerli, unpublished results).
Our results (Table 1) show that some N, O and C isolates could not be distinguished by direct ELISA using polyclonal antibody from rabbit anti-PVY N serum. However, other data, presented in Fig. 1 , provide evidence for the existence of antigenic differences between some N, O and C isolates. Moreover, six out of 25 hybrid cell cultures produced antibodies strictly specific to three different N isolates. Antibodies of this type, e.g. antibodies D and most antibodies E, are therefore likely to be valuable tools for the classification of PVY. The results also point out the existence of clear serological differences between other isolates. For example, isolate O1 differs from isolates 02 and 03. On the other hand, there are some shared antigenic determinants which are recognized by other antibodies. The specificity of monoclonal antibodies did not therefore necessarily limit their use in the detection of PVY isolates. For example, monoclonal antibody C-9 reacts well, and more homogeneously than polyclonal antibodies, with 24 PVY isolates, collected over a period of at least 2 decades from several continents, and which represent the frequently occurring N, O and C group strains of PVY. Perhaps the antigenic determinant shared by the 24 isolates has changed little during evolution and might therefore be used for reliable routine identification of PVY using monoclonal antibodies. This is further emphasized by the successful application of these commercially available monoclonal antibodies to screening thousands of potato samples for PVY during 1982 mainly in Europe, but also in North and South America, China and Africa (several investigators, unpublished results).
Both monoclonal antibodies and polyclonal antibodies from rabbit serum fail to detect serologically distinct strains, such as the Dutch isolate PVYC-Gladblaadje and the related isolates pVyC-AB from Northern Ireland and PVY-UF from South America. However, it is easier to produce specific antibodies to a new strain than it is to find a new suitable indicator plant for routine screening for PVY. Thus, mixing specific pure monoclonal antibody species to make a widely applicable test is a promising approach and one which can be extended to assay for several different viruses in a single test, as proposed by Salazar (1978) . Moreover, the problem that occurs when presently available polyclonal antibodies are used, namely that sensitivity is generally lost when several antibody preparations are mixed because each is diluted (especially the coating antibody) whereas non-specific reactions are not (P. Gugerli, unpublished results) , is less when using the higher titre monoclonal antibody preparations (Table 2) .
Preliminary results obtained with monoclonal antibodies to two other plant viruses, potato virus A and potato leafroll virus, confirm the utility of this new approach to plant virus characterization and detection (P. Gugerli & P. Fries, unpublished results) .
